Starting from a probabilistic model of the electron, which explains spin and spin measurements in terms of a probability density distribution resulting from a rapidly changing angular momentum during an extended Zitterbewegung EZBW, a "light-like" model of the electron and other spin-1 2 particles is formulated. This model describes individual particles in terms of paths of a moving quantum. It is shown that this description allows one to reproduce observable properties as path-averages over a period of the fast EZBW in elementary calculations. The general topology of the paths may be described as a helical path, with a helix axis forming a circle around a fixed point in space. The radius of the helix and of the circle is equal and given by half the reduced Compton wave length of a photon of energy equal to the rest energy of the particle described. The paths depend on the relative velocity between the described "entity" and the observer, and represent the De Broglie wave. The merits of the proposed model are summarized and its role in relation to the established description by quantum mechanics is discussed. It is concluded that it supports the existence of the proposed EZBW, and offers a description of quantum behavior without quantum mechanics.
Introduction
The behavior of electrons in the nonrelativistic regime is correctly described by the Pauli-Schrödinger theory, into which the spin is "ad hoc" introduced in the form of spinors with non-classical properties (see, for instance, [1] ).
In a recent publication [2] , we have shown that, the behavior of electrons subjected to spin-measurements can also correctly be described in terms of a classical statistical model which uses a probability-density distribution (PDD) of the directions of an "instantaneous angular momentum" that changes during an as-sumed fast, periodic, "Zitterbewgung" ZBW. A ZBW that would allow a changing instantaneous angular momentum is not predicted by the Dirac equation, while ZBW as a qualitative concept of interpretation of the Dirac equation exists since the beginning of quantum mechanics [3] [4] [5] . An "extended" EZBW, whose existence is the basis of our statistical description in terms of a PDD, has only recently been proposed as a hypothesis in theoretical analyses of the Dirac equation [6] , and in model descriptions of the electron [7] [8] [9] . The validity of these models, however, has never been established. No experimental evidence of an EZBW has been reported so far.
Our statistical model, therefore, which is based on the existence of an EZBW and explains established experimental data, constitutes important support for an EZBW and a corresponding substructure of the electron, if it is valid.
In the present paper we report results of our attempt to further develop the model, and to support its validity. We proceed in the following way: 1) In the next paragraph we construct the angular dependence of the length of the "instantaneous position vector", and the probability density of its direction, from the corresponding value of the instantaneous angular momentum and its PDD, obtained in [2] .
2) In Paragraph 3, we construct closed curves of "instantaneous positions" in real space, which are consistent with the distributions obtained in [2] , and which reproduce all experimentally obtainable quantities as curve-averages. These closed curves represent individual particles.
3) In Paragraph 4, we introduce proper time to parameterize the angles (ϑ, and ϕ), and in this way obtain paths representing the motion for different velocities relative to the observer: the EZBW. All relevant experimentally accessible properties of the electron are in this way explained as resulting from the EZBW.
4)
In Paragraph 5, we summarize the results, and discuss some of the many questions that arise.
The Position Vector
The probability density of the directions of the instantaneous angular momentum, in the (+)-state in a context defined by a magnetic field in direction (Z), was found in [2] to be given by the function
with ( ϑ ) the polar angle, and ( φ ) the azimuth angle. The integrand As indicated in the figure, the probability density vector can be decomposed into two vectors of constant length ( ) 
The conditions characterizing our extended model are represented in Figure   2 .
The angular probability density of the instantaneous position vector ( ) 
The surface of the torus, on which the possible instantaneous positions are located, is shown in Figure 3 (a), and the probability density of directions of the position vector PDDP, given by relation (5) , is shown in Figure 3 
For all properties considered so far, we obtain in this way the established experimental results, i.e. the results also predicted by quantum mechanics.
If the elementary charge (e) is ascribed to the position (r), a circular current (I) 
with ( B µ ) being the Bohr magnet on if the momentum is replaced by (mc), with (m) the rest mass of the electron. We see that, the model predicts the correct magnetic moment, including the "anomalous" g = 2 factor-in a classical way.
Paths of Instantaneous Positions
Paths of instantaneous positions are obtained if the angles (ϑ , and φ ) in relation (6) depend on each other. The integrand in (6) 
, , , 
With relations (9), paths of the position vector, and of the angular momentum vector, can be calculated for various conditions. n n = ± ± ± ± ∞ ). We conclude from this that, individual particles characterized by the paths own the corresponding properties at different conditions, and also, that the distribution of instantaneous positions constructed in paragraph 2, corresponds to an average over paths of individual particles with different initial conditions. These results suggest strongly that, the distinction of paths by different ( , 
Time Dependent Paths of the Position Vector
The path for the internal motion is described by the position vector
We need a relation between ( β ) and ( t n ) in order to get velocity dependent paths from (11) . Looking at relations (10), we notice that ( t ω 
As an extension of the model we assume (12) to be correct, which then yields for the frequencies the relations
With relations (9-13) we now have a rather complete description of the spin-(1 2 ) particle in terms of paths in real space of the "quantum" during its (EZBW). The description explains the wave-particle dualism reflected in the De Broglie frequency, which is represented by paths calculated for ( ) A parametric 3D plot of the position ( ) , t β r in real space during one period of the EZBW, calculated using relations (10, 11, 12) for the case 10 t n = , is shown in Figure 5 .
The modulation of the lateral size of the system is due to the torus frequency t ω , which is twice the De Broglie frequency. The extension of the "entity" in z-direction during one period is 2πL, independent of ( c β = v ), but its progress in z-direction as a function of time occurs at velocity (v). A thorough discussion of these paths is beyond the scope of the present paper. We expect, however, that uncertainty relations as well as interference phenomena will be describable.
Summary and Discussion
We have presented a model which describes the electron in terms of paths in real space of possible positions of a "quantum" which carries out an extended periodic Zitterbewegung (EZBW). The model is completely general. The only quantity that specifies the described spin-1 2 particle, is the momentum of a photon whose energy equals the rest energy of the particle. Qualitatively, the scenario the model suggests may be summarized as follows: The "quantum", which forms the photon when it follows a straight axis and has momentum ( mc = p ) in direction of that axis, represents the particle of mass (m) when its axis forms a circle around a fixed point in space and is thus completely localized. Its possible positions then lie on a torus around the fixed point, with the torus radius being equal to the radius of the circle the axis forms around the fixed point. Examples of paths are shown in Figure 4 . The energy of this electromagnetic "entity", which has a size equal to the reduced Compton wave length mc ħ , is 2 E mc = , with (m) being the relativistic mass. In paragraph 4, proper time is introduced, which leads to the description of paths in terms of frequencies for toroidal-and circular variation of instantaneous positions. The variation of these frequencies with relative velocity between observer and "entity" completes the model. The toroidal frequency turns out to be equal to twice the De Broglie frequency, and the quadratic sum of the two frequencies is constant and equals twice the frequency of the "free" photon that has the same energy as the "entity".
Thus, the model implies that a certain way of localization of a photon in space creates an "entity" which has the properties of a particle with rest mass, and in this way "explains" the equivalence relation
The following observable properties of the "entity"-which is to be identified with the free electron-are obtained as averages over an (EZBW) by elementary calculations, and are found to agree with experiment. 2) If the elementary charge (e) is ascribed to the position of the quantum, the magnetic moment of the free electron is predicted to equal the experimental value of one Bohr magneton. No "ad hoc" introduction of a g = 2 factor is necessary.
3) The De Broglie frequency is identified as half the torus frequency. In this way, the "wave particle duality" of the electron is explained. The factor of two accounts for the fact that the De Broglie frequency describes the probability amplitude, while the torus frequency describes the probability.
4) The relativistic mass-and energy variation with relative velocity is automatically taken into account by the corresponding variation of ( )
, and of the frequencies describing the "entity".
The results above support the validity of the model, which therefore offers an alternative description to quantum mechanics, at least for the phenomena con- would arise. This is the first term of the quantum-electrodynamic correction of the g = 2 factor in terms of powers of ( α ) [11] .
Conclusion
The demonstrated merits of the model presented strongly suggest its validity.
The model supports the existence of the proposed EZBW, and suggests the purely electromagnetic origin of mass. And last but not least, it demonstrates that microscopic phenomena can be described without quantum mechanics, and thereby "explain" paradoxes known to be connected with "understanding" quantum mechanics.
